Objective: To evaluate the influence of the single nucleotide polymorphism rs1080985 in the cytochrome P450 2D6 (CYP2D6) gene on the efficacy of donepezil in patients with mild to moderate Alzheimer disease (AD).
phisms of drug-metabolizing enzymes. 6, 7 Among the hepatic cytochrome P450 (CYP) enzymes, CYP2D6 and CYP3A4 have been shown to be the main CYP isoenzymes involved in the metabolism of donepezil. 1 In particular, polymorphisms of the CYP2D6 seem to play a role in the pharmacokinetics of donepezil, which may influence the efficacy of treatment in patients with AD. 8 A large number of allelic variants causing absent, decreased, or increased CYP2D6 enzyme activity have been described. 9 Recent data demonstrated that the G allele of the single nucleotide polymorphism (SNP) rs1080985 (C -1584 3 G) in the CYP2D6 gene is associated with a higher enzymatic activity in vivo as a consequence of a higher gene expression associated with the G allele. 10, 11 It has been suggested that the presence of the G allele of rs1080985 is associated with a more rapid drug metabolism, and that the analysis of rs1080985 may be useful to rule out the CYP2D6 poor metabolizer phenotype in white individuals. 10 The aim of this study was to evaluate the influence of this SNP on the clinical efficacy of donepezil in patients with mild to moderate AD.
METHODS Patient recruitment. From January 2005 to
December 2006, a total of 1,252 elderly subjects (768 men, 484 women) aged Ն65 years who consecutively attended the Istituto di Ricovero e Cura a Carattere Scientifico Casa Sollievo della Sofferenza in San Giovanni Rotondo (Geriatric Unit), the Catholic University School of Medicine in Rome (Department of Neurology), or the University of Perugia in Perugia (Institute of Gerontology and Geriatrics) were screened for possible enrollment in the study.
Standard protocol approvals, registrations, and patient consents. This was a prospective multicenter cohort study fulfilling the Declaration of Helsinki, the guidelines for Good Clinical Practice, and the Strengthening the Reporting of Observational Studies in Epidemiology guidelines. 12 The approval of the study for experiments using human subjects was obtained from the local ethics committees on human experimentation. Written informed consent for research was obtained from each patient or from relatives or a legal guardian in the case of critically disabled patients with dementia.
Inclusion/exclusion criteria. Inclusion criteria were 1) white race, 2) age Ն65 years, 3) diagnosis of probable AD according to the National Institute of Neurological and Communicative Disorders and Stroke-Alzheimer's Disease and Related Disorders Association Work Group (NINCDS-ADRDA) criteria 13 with a mild to moderate degree of disease severity, and 4) written informed consent for research. Patients were excluded from the study if they were unwilling or unable to fulfill the requirements of the study, had clinically significant and unstable medical illnesses, or had undergone medical/surgical hospitalization within 1 month before the study. In particular, patients were excluded who 1) had a known or suspected history of dementia secondary to abuse of psychoactive substances; 2) had non-AD dementia (normal pressure hydrocephalus, subdural hematoma, Parkinson disease, frontotemporal dementia, primary progressive aphasia, vascular dementia, mixed dementia); 3) had symptoms of depression, obsessive-compulsive disorders, and anxiety; 4) had a diagnosis of mild cognitive impairment (MCI) (Mini-Mental State Examination [MMSE] score 24 -27, Clinical Dementia Rating Scale [CDR] score 0.5); or 5) were taking drugs that are extensively metabolized by CYP2D6 (anticholinergics, anticonvulsants, antidepressants, ␤-blockers, antipsychotic drugs). 14 Data collection. Baseline demographic and clinical characteristics were collected by a structured interview, clinical evaluation, and review of records from patient's general practitioners. All included patients were initially treated with donepezil 5 mg/daily for 1 month. Thereafter, patients who had followed the treatment with satisfactory or good compliance and without clinically relevant drug-related adverse events increased the dosage of donepezil to 10 mg/daily for the following 5 months. At the 6-month follow-up, the clinical assessment, including the evaluation of cognitive and functional status, compliance, and drugrelated adverse events, was repeated.
Cognitive evaluation and diagnosis of AD. Cognitive
status was evaluated by means of the Alzheimer's Disease Assessment Scale-Cognitive Section (ADAS-Cog), 15 the MMSE, 16 and the CDR. 17 Diagnoses of probable AD was made according to the NINCDS-ADRDA criteria. 13 Differential diagnosis among AD, vascular dementia, and mixed dementia was based on the Hachinski Ischemia Score and neuroimaging evidence. 18, 19 Diagnosis of MCI was made according to Petersen criteria for amnestic MCI. 20, 21 Functional status was evaluated using the ADL index and the Instrumental Activities of Daily Living (IADL) scales. 22, 23 Responder/nonresponder assessment criteria. According to the National Institute for Health and Clinical Excellence (NICE) requirements, 24 a responder was defined as a patient who showed improvement or no deterioration in cognition as evaluated by means of ADAS-Cog and MMSE, and improvement in functional status as evaluated by means of ADL or IADL.
Genetic analysis. Genotype analysis of the SNP rs1080985 was made as already described with minor modifications. 10 Briefly, by means of PCR-mediated site-directed mutagenesis, a 327-base pair (bp) fragment was amplified from genomic DNA with a forward primer containing 2 mismatch (lower cases) 5ЈϾGA-ATTCAAGACCAGCCTGGACAACTTGGAAGggCCϾ3Ј introducing an ApaI restriction site in presence of the C allele (reverse primer 5ЈϾGTGGCTCCCCTCCATTGTGCϾ3Ј). This 327-bp product was digested into 292-and 35-bp fragments, whereas the fragment containing the G allele remained uncut. To cut the fragment containing the G allele, we generated a 283-bp fragment with a reverse primer 5ЈϾCAATCCCAGCTAATTTTGTATTTTTT-GTAGgGgCCϾ3Ј containing 2 mismatch (lower cases) also introducing an ApaI restriction site in presence of the G allele (forward primer 5ЈϾGCAGCTGCCATACAATCCACCTGϾ3Ј). This 283-bp product was digested into 248-and 35-bp fragments, whereas the fragment containing the C allele remained uncut. Analysis of the APOE polymorphisms was performed as previously described. 25 The CYP allele nomenclature committee assigned the CYP2D6*41 label to the rs1080985 C allele and the CYP2D6*2A label to the rs1080985 G allele. 9 Because the de-scribed genotyping procedure does not discriminate CYP2D6*2 variants from A to K, in this study we specifically refer to the C and the G allele of rs1080985.
Statistical analysis.
The estimated minimum number of both responders and nonresponders required for detecting a significant association among rs1080985 genotypes and nonresponders (i.e., an odds ratio [OR] Ͼ2), assuming a significance at the 5% level and a power of 75%, was n ϭ 42. The Hardy-Weinberg (HW) equilibrium for both CYP2D6 and APOE loci was verified at baseline and after 6 months in both the responder and nonresponder subgroups. For dichotomous variables, differences between the groups were tested using the Fisher exact test. This analysis was made using the 2-Way Contingency Table Analysis available at the Interactive Statistical Calculation Pages (http://statpages.org/). For continuous variables, normal distribution was verified by the Shapiro-Wilk normality test and the 1-sample Kolmogorov-Smirnov test. For normally distributed variables, differences among the groups were tested by the Welch 2-sample t test or analysis of variance under general linear model. For nonnormally distributed variables, differences among the groups were tested by the Wilcoxon rank sum test with continuity correction or the Kruskal-Wallis rank sum test. Relative allelic frequencies were calculated by the gene-counting method. 26 Binary logistic regression analyses were used to estimate crude and adjusted ORs and the 95% confidence interval (CI) for testing possible associations between response/nonresponse to treatment and 1) the CYP2D6 genotypes, evaluating age, sex, MMSE score at baseline, and APOE polymorphism as confounding factors, or 2) the APOE genotypes, evaluating age, sex, MMSE score at baseline, and CYP2D6 polymorphism as confounding factors. These analyses were made with the SPSS Version 10.1.3 software package (SPSS Inc., Chicago, IL). All the other analyses were made with the R Version 2.8.1 software package (The R Project for Statistical Computing; http://www.r-project.org/). Test results in which the p value was smaller than the type 1 error rate of 0.05 were declared significant.
RESULTS Among the 1,252 elderly subjects consecutively screened for the possible enrollment in the study, 683 patients did not fulfill the inclusion criteria. Among the remaining 569 patients, 442 patients were excluded because of 1) refusal to enter into the study or to sign the informed consent (n ϭ 78); 2) presence of symptoms of depression, obsessive-compulsive disorders, and anxiety (n ϭ 222); 3) diagnosis of MCI (MMSE score 24 -27, CDR score 0.5) (n ϭ 66); and 4) concomitant assumption of drugs extensively metabolized by CYP2D6 (n ϭ 76). Thus, a total of 127 patients with AD (46 men and 81 women, mean age 74.09 Ϯ 8.81 years, age range 65-94 years) were enrolled in the study. Demographic and clinical characteristics of patients at baseline according to sex are summarized in table 1. Women were significantly older than men (75.7 Ϯ 8.5 vs 71.2 Ϯ 8.6 years, p ϭ 0.006), whereas no differences in mean values of ADL, IADL, ADAS-Cog, and MMSE between men and women were found. At baseline, no differences between men and women were also observed in the prevalence of concomitant therapies (table 1) and concomitant diseases (table 2) .
The analysis of the SNP rs1080985 showed that 58.3% of patients (n ϭ 74) were C/C wild-type, 33 .9% were C/G heterozygotes (n ϭ 43), and 7.9% were G/G homozygotes (n ϭ 10). No differences were found between these observed frequencies and the expected HW frequencies for this locus ( p ϭ 0.229). The analysis of the APOE polymorphisms showed that 5.5% of patients were 2/3 heterozygotes (n ϭ 7), 1.6% were 2/4 heterozygotes (n ϭ 2), 48.0% were 3/3 homozygotes (n ϭ 61), 38.6% were 3/4 heterozygotes (n ϭ 49), and 6.3% were 4/4 homozygotes (n ϭ 8). No 2/2 homozygotes were found. No differences were found between these observed frequencies and the expected HW frequencies for this locus ( p ϭ 0.999).
During the follow-up, 12 patients (1 man and 11 women, mean age 79.25 Ϯ 7.4 years, age range 66 -94 years) dropped out because of drug-related adverse events, i.e., nausea and vomiting (n ϭ 3), bradycardia (n ϭ 1), abdominal pain (n ϭ 2), dizziness (n ϭ 2), diarrhea (n ϭ 3), and postural hypotension (n ϭ 1). The analysis of the SNP rs1080985 in these 12 patients lost to follow-up showed that 83.3% of patients were C/C wild type (n ϭ 10) and Table 1 Demographic 16.7% were C/G heterozygotes (n ϭ 2). No G/G homozygotes were observed in this group. The analysis of the APOE polymorphisms in the 12 patients lost to follow-up showed that 8.3% of patients were 2/3 heterozygotes (n ϭ 1), 41.7% were 3/3 homozygotes (n ϭ 5), 41.7% were 3/4 heterozygotes (n ϭ 5), and 8.3% were 4/4 homozygotes (n ϭ 1). No 2/4 heterozygotes were observed in this group. Thus, a total of 115 patients with AD (45 men and 70 women, mean age 73.56 Ϯ 8.79 years, age range 65-91 years) were evaluable at follow-up. Of 115 patients, 69 patients (60.0%) were classified as responders and 46 patients (40.0%) were classified as nonresponders to donepezil treatment. Demographic and clinical characteristics of patients at follow-up according to their response to treatment with donepezil are summarized in table 1. As expected, significant differences in ADL ( p Ͻ 0.001), IADL ( p Ͻ 0.001), ADAS-Cog ( p Ͻ 0.001), and MMSE ( p Ͻ 0.001) scores were observed between responders and nonresponders. Conversely, no significant differences were observed between the 2 groups in mean age, sex distribution, concomitant therapies (table 1) , and concomitant diseases (table 2) .
Genotype frequencies at the CYP2D6 and APOE loci are summarized in table 3. No differences were found between the observed genotype frequencies and the expected HW frequencies for these loci. When compared, a significant difference was found in the overall distribution of the rs1080985 genotype between the 2 groups ( p ϭ 0.006). The frequency of C/G heterozygotes was higher in nonresponders than in responders (41.3% vs 31.9%). This difference, however, did not reach significance ( p ϭ 0.098). Similarly, the frequency of the G/G homozygotes was higher, but significant, in nonresponders than in responders (17.4% vs 2.9%, p ϭ 0.004). Thus, whereas the C/G heterozygotes did not show a significant association with donepezil response (OR ϭ 2.045, 95% CI 0.912-4.592), G/G homozygotes demonstrated a significant risk for a poor response to donepezil treatment (OR ϭ 9.474, 95% CI 2.039 -42.833). Logistic analysis, adjusted for age, sex, MMSE score at baseline, and APOE polymorphism, revealed that both C/G heterozygotes ( p ϭ 0.035, OR ϭ 2.588, 95% CI 1.072-6.249) and G/G homozygotes ( p ϭ 0.003, OR ϭ 15.768, 95% CI 2.482-100.158) had a significant risk for a poor response to donepezil treatment.
Notably, no significant differences were found in the distribution of the APOE genotypes divided according to the CYP2D6 genotypes. In particular, no differences were found between responders and nonresponders in the distribution of the 3/4 genotypes in the C/C ( p ϭ 0.251), C/G ( p ϭ 1.000), or G/G ( p ϭ 0.141) subgroups. Similarly, no differences were found between responders and nonresponders in the distribution of the 4/4 genotypes in the C/G group ( p ϭ 0.625). No 4/4 homozygotes were found in the C/C and G/G nonresponders (table 3). Logistic analysis, adjusted for age, sex, MMSE score at baseline, and CYP2D6 polymorphism, did not show significant differences between responders and nonresponders in the distribution of 3/4 (0.111) or 4/4 (p ϭ 0.305) genotypes. DISCUSSION Current data on the clinical response to donepezil in patients with AD are not homogeneous, mainly because of the inclusion of patients with different degrees of disease severity, duration of treatments, and criteria to identify responders or nonresponders. In this study, we enrolled only highly selected patients with mild to moderate AD. Patients were treated for 6 months, and responders to treatment were defined conservatively according to the NICE criteria as patients who showed improvement or no deterioration in cognition, and improvement in functional status. 24 Our study showed an association of rs1080985 G allele in the CYP2D6 gene with a poor response to donepezil treatment. In an a priori sample-size esti- mation, we set the power of the study Ն75%, and the post hoc calculated power was 85.0%, with an effect-size h of 0.57. Thus, the findings of the study may be considered quite solid. At 6 months, we observed a 60% response to donepezil. This rate is in agreement with meta-analyses of randomized clinical trials of donepezil 5-10 mg/daily reporting 30% to 68% of response to treatment after 6 months. 3, 4, 24 Most clinical studies tried to identify risk factors for nonresponse to donepezil, including age, 27 sex, 28 baseline severity of cognitive or functional status, 29 drug-related adverse events, 30 and the 4 allele of the APOE polymorphism. [31] [32] [33] Even if CYP2D6 pharmacogenetics have been claimed to play a significant role in explaining variability in response to donepezil, 34 only 1 study reported data about the impact of CYP2D6 polymorphisms on the clinical outcome of donepezil in patients with AD. 8 The authors included 42 patients with probable AD who were treated for 3 months, mostly (31 patients, 74%) with 5 mg daily. Moreover, response to therapy was evaluated according to changes in the MMSE and Clinician Interview-Based Impression of Change Plus Caregiver Input scores. 8 In our study, we selected patients with AD without confounding factors that might influence the CYP2D6 metabolism of donepezil, such as the concomitant use of other CYP2D6-metabolized drugs.
Moreover, these patients showed the typical ADrelated 〈POE genotype distribution. 19, 21 Recent studies suggested that the 4 allele of the APOE polymorphism seems to improve the responsiveness to donepezil treatment in patients with AD. 32, 33 In agreement with other studies, 31 our study did not find a significant role of the 4 allele in improving the clinical response to donepezil. Indeed, multivariate analyses demonstrated that the significant role of CYP2D6 polymorphism in influencing the clinical response to donepezil was independent of the age, sex, and MMSE score at baseline as well as the APOE polymorphism of patients. In particular, in the stratification of APOE genotypes according to CYP2D6 genotypes, no significant differences were observed for the 4 allele. Furthermore, multivariate analysis did not show a significant role of APOE polymorphism in improving clinical responsiveness to donepezil, even after adjustment for sex, age, MMSE score at baseline, and CYP2D6 polymorphism. All these findings suggest that the APOE gene is unrelated to the AChE inhibitor metabolism and do not support the hypothesis of a direct interaction between APOE and CYP2D6 polymorphisms. 33 The genotype frequencies of the SNP rs1080985 in the study cohort were comparable to the CYP2D6 genotype distribution reported in white individuals. 10 Moreover, the observed genotype frequencies at the CYP2D6 and APOE loci did not differ from the expected HW frequencies, also after categorizing patients according to response or nonresponse to donepezil treatment. These conditions minimize the risk of a genetic bias in patient enrollment.
Recently, a correlation between the CYP2D6 enzyme activity, expressed as the urinary metabolic ratio of dextromethorphan (DM)/dextrorphan (DX), and rs1080985 was reported. 10 The presence of the G allele was found only in extensive metabolizers (patients showing a DM/DX metabolic ratio Ͻ0.3) and not in poor metabolizers (patients with a DM/DX metabolic ratio Ͼ0.3). 10 This finding was in agreement with the reported higher microsomal CYP2D6 protein expression in liver biopsies from individuals having the G rather than the C allele. 11 In agreement with these data, our findings suggest that in patients with AD, the G allele is significantly associated with a poor response to donepezil treatment. Indeed, whereas G/G homozygotes demonstrated a significant risk of a poor response to donepezil, confirmed by a significance in both crude and adjusted analyses, C/G heterozygotes had a minor risk, as suggested by significance in the adjusted analysis only. These findings, together with the estimated response rates to donepezil, which were 53.6% and 20.0% for C/G and G/G genotypes, suggest a possible dose ef- fect for the G allele that may influence the CYP2D6 metabolic phenotype. Data from this study cannot explore this hypothesis. A limitation of this study is the potential lack of generalizability of our findings, because our patients with AD were selected according to strict inclusion criteria. Moreover, the large CI associated with the G/G genotype in both crude (2.039 -42.833) and adjusted analysis (2.482-100.158) could reflect imprecise OR values. However, with the high OR values associated with the G/G genotype (9.474 and 15.768 for the crude and adjusted analyses), it is difficult to draw negative conclusions.
In clinical practice, because the presence of a G allele may rule out patients with a poor metabolizer phenotype, analysis of the SNP rs1080985 may be a useful approach for predicting clinical response to donepezil in patients with AD. Further studies are needed to evaluate whether patients with AD who have a rapid metabolism may benefit from a higher dose of donepezil to achieve equivalent levels of cholinesterase inhibition.
